Polyamine (PA) homeostasis is associated with plant development, growth and responses to biotic/abiotic stresses. Apoplastic PA oxidase (PAO) catalyzes the oxidation of PAs contributing to cellular homeostasis of reactive oxygen species (ROS) and PAs. In tobacco, PAs decrease with plant age, while apoplastic PAO activity increases. Our previous results with young transgenic tobacco plants with enhanced/reduced apoplastic PAO activity (S-ZmPAO/AS-ZmPAO, respectively) established the importance of apoplastic PAO in controlling tolerance to short-term salt stress. However, it remains unclear if the apoplastic PAO pathway is important for salt tolerance at later stages of plant development. In this work, we examined whether apoplastic PAO controls also plant development and tolerance of adult plants during long-term salt stress. The ASZmPAO plants contained higher Ca 2+ during salt stress, showing also reduced chlorophyll content index (CCI), leaf area and biomass but taller phenotype compared to the wild-
Introduction
Salinity is a major abiotic threat to global agriculture due to increasing use of poor quality water for irrigation and soil salinization. The highly reactive aliphatic polycations named polyamines (PAs), the di-amine putrescine (Put), the tri-amine spermidine (Spd) and the tetra-amine spermine (Spm) affect developmental and metabolic processes, as well as a vast range of stress responses. PAs homeostasis is maintained by the fine orchestration of biosynthesis, conjugation, compartmentalization, transport and oxidation/back-conversion. The apoplastic flavoprotein PA oxidase (PAO) oxidizes Spd yielding Δ 1 -pyrroline and Spm yielding 1,5-diazabicyclononane, along with 1,3-diaminopropane (1,3-Dap) and H 2 O 2 , affecting PA and H 2 O 2 homeostasis, and the ratio of biosynthesis/ catabolism (Mattoo et al., 2006; Moschou et al., 2008c; Moschou et al., 2009 ).
Previously, we used young tobacco transgenic seedlings with increased (SZmPAO; overexpressing ZmPAO) and reduced apoplastic PAO activity (AS-ZmPAO;
overexpressing the antisense cDNA from ZmPAO that blocks translation of tobacco PAO; Moschou et al., 2008a,b) to study the effect of apoplastic PAO to salinity. Salinity or pathogens induce Spd exodus and oxidation in the apoplast which significantly contributes to regulation of H 2 O 2 'signatures' defining the outcome of stress responses (Moschou et al., 2009; Moschou and Roubelakis-Angelakis, 2014) . NADPH-oxidase and the apoplastic PAO constitute a feedforward ROS amplification loop, which impinges on oxidative state and culminates in the execution of programmed cell death (PCD). The data suggest that this loop is a central hub in the plethora of responses controlling salt stress tolerance, with potential functions extending beyond stress tolerance (Gémes et al., 2016) .
S-ZmPAO transgenic tobacco plants show increased inter-/intracellular levels of the reactive oxygen species (ROS) H 2 O 2 and O 2 .-and expression of antioxidant genes, which are nevertheless insufficient to scavenge these ROS efficiently (Moschou et al., 2008a (Moschou et al., , 2008b . The AS-ZmPAO tobacco young seedlings show tolerance to short-term salt stress, either due to increased PA content or decreased ROS levels from the impaired PA oxidation in the apoplast (Moschou et al., 2008a (Moschou et al., , 2008b .
Given that the severity/mode(s) of response(s) to stress are cell/tissue/organ but also ontogenetic stage-specific processes, we assessed tolerance and examined growth characteristics of adult S-ZmPAO and AS-ZmPAO plants under control conditions or during long-term salt treatments. We also determined photosynthetic parameters, the intracellular monovalent and divalent cation contents, under prolonged/varying salt stress, and also the efficiency of the antioxidant enzymes and machinery. Our results highlight the developmental stage-specific role of apoplastic PAO in the regulation of development and plant responses to salt stress.
Materials and Methods

Plant material, growth conditions and salt treatments
Partial cDNA cloning of the PAO gene (Yoda et al., 2006) , vector construction, plant transformation and molecular analysis of the transgenics were described by Moschou et al. (2008a Moschou et al. ( , 2008b . Plants of WT (Nicotiana tabaccum cv Xanthi) and the transgenic lines S2.2 and A2, over-/downexpressing the ZmPAO gene, respectively (Moschou et al., 2008a (Moschou et al., , 2008b were used. These lines from now-on will be referred as SZmPAO and AS-ZmPAO. The plants were grown as described earlier (Mellidou et al., 2016) . In brief, seeds from the three genotypes were cold stratified (4 °C, 7 days), and immersed in a 1 % potassium nitrate solution for 12 h. Then, the seeds were sown in 10-cm diameter pots filled with peat (Terraplant, Compo) and perlite (2:1; v/v) mixture, and placed under plastic cover for 3 d to preserve high relative humidity. At the four-true-leaf stage, 120 seedlings per genotype were transplanted in 0.25 L pots, filled with the aforementioned mixture and placed in a completely randomised design (split-split-plot arrangement). At the 4-5 pair true leaf stage (70 day-old plants), five salt treatments (0, 50, 100, 200, 300 mM NaCl) were applied, each on 24 plants per genotype. All plants were subjected to salt treatment through irrigation either with 100 mL aqueous solution of the respective NaCl dose or with 100 mL water (controls) at 0, 4, 7, 11, 14 and 18 days after the first treatment (DAT). At four sampling times (0, 7, 14, 21 DAT) six plants/genotype-treatment (each considered as a single replication) were harvested.
Growth, developmental and physiological characteristics were evaluated on three plants and phytochemical parameters were determined on the other three.
In addition, seeds were surface sterilised with bleach for 10 min, washed four times with sterile water and plated on filter paper in plates with 1/2Murashige and Skoog 
RNA extraction and semi-quantitative RT-PCR and q-RT-PCR
Total RNA isolation and RT-PCR were performed as described earlier (Mellidou et al., 2016 
Protein extraction and In-gel enzyme assays
Proteins were extracted and treated as described in Papadakis and RoubelakisAngelakis (2005) . For native electrophoresis and enzyme activity stainings, proteins were electrophoretically resolved using native PAGE and then stained. For SOD activity staining the procedure was carried out according to Andronis et al. (2014) . SOD enzyme activity was determined by incubating the gel in 50 mM potassium phosphate buffer (pH 7.4) containing 2 mg/mL NBT for 30 min in dark, and then in another 50 mM potassium phosphate buffer (pH 7.4) containing 0.1 mg/mL riboflavin and 0.25 % TEMED for 20 min in dark. The gel was placed into distilled water in light until bands were detected.
Ion content
Ion content (K + , Na + , Ca 2+ , and Mg 2+ ) was determined in shoots of AS-ZmPAO, SZmPAO transgenic and WT plants grown in the presence of 0, 50, 100, 200, and 300 mM NaCl at 0, 7, 14 and 21 DAT as already reported (Mellidou et al., 2016 50, 100, 200, and 300 mM NaCl, as described before (Mellidou et al., 2016) . For these determinations we used a portable photosynthesis system (LI-6200, LI-COR Inc. Lincon NE, USA), a direct portable fluorometer (Photosynthesis yield analyzer MINI-PAM, Walz, Effeltrich, Germany), and an Opti-Sciences CCM-200 chlorophyll content meter (OptiSciences Inc., Tyngsboro MA). Also, QY was computed in terms of the efficiency of the energy harvesting by open PSII reaction centres in the light, as previously described (Kadoglidou et al., 2014) . For both QY and CCI, ten measurements were taken per genotype and treatment at each sampling day. To avoid photoinhibition, all physiological measurements were performed in a 2 h time span, approximately 3 h after sunrise.
Plant Phenology: plant height, leaf number, leaf area, fresh and dry weight
Since photosynthetic rate and efficiency directly affect plant growth and development, several phenotypic characteristics were assessed in AS-ZmPAO, S-ZmPAO transgenic and WT plants, using 70 day-old plants (time 0), subsequently of 77, 84, and 91 day-old plants (0, 7, 14, 21 DAT) at 0, 50, 100, 200, and 300 mM NaCl, as already described (Mellidou et al., 2016) . The plant height from the soil surface to the base of the petiole of the youngest fully expanded leaf was recorded, the leaves were counted and removed from the stems for further use. The leaf area (LA) was evaluated from digital images acquired using a flatbed scanner. The images were analyzed applying the software ImageJ (Schneider et al., 2012) . The samples (leaves and stems) were oven-dried at 70 °C till stable weight and their dry weight was recorded.
Total Soluble Phenolics and Antioxidant Activity
In addition to enzymatic antioxidant machinery, cells employ non-enzymatic antioxidants for protection from excessive ROS, such as phenolics. Quantification of total soluble phenol content and antioxidant activity was performed over a 14 DAT period in WT and transgenic plants treated with 100 mM NaCl as described in Mellidou et al. (2016) . In addition, total phenolics were determined qualitatively in leaf tissues from plants treated with 100 mM NaCl for 24 h. In addition, in order to dissect whether changes in endogenous phenolics are actually induced by osmotic or ionic stress, mannitol treatment was also used at 100 mM, and total phenolics in the leaves were determined at 0, 7, 14 DAT and compared with the effect of 100 mM NaCl. Phenolics were extracted according to Tsiri et al. (2009) , qualitatively analyzed by Thin Layer Chromatography (TLC), visualized under UV light after staining and quantified using the aluminium chloride colorimetric method as described in Mellidou et al. (2016) . The total antioxidant activity of the leaves was determined as the ferric reducing antioxidant potential (FRAP) (Benzie et al., 1999) in MeOH leaf extracts prepared similarly to the determination of total phenolics (Mellidou et al., 2016) . Absorbance of the mixture was read at 593 nm with a UV-Vis spectrophotometer (Shimadzu UV-1601). Results were expressed on a fresh weight basis as ascorbic acid equivalents (AAE).
Proline and Root Electrolyte Leakage in Roots
Salinity is known to cause osmotic/ionic stress to plant cells and the amino acid proline is a common osmoprotectant. Proline content in roots of the 3 genotypes was determined as described by Bates et al. (1973) . Briefly, 500 mg of root material was homogenized in 5 mL of 3 % aqueous sulfosalicylic acid. After centrifugation for 10 min at 12,000 g, 2 mL of the supernatant was left to react with 2 mL acid ninhydrin and 2 mL acetic acid in a test tube for 1 h at 100 °C. The reaction mixture was extracted twice with 4 mL toluene, and the absorbance of the extract read at 520 nm with a UV-Visspectrophotometer (Shimadzu UV-1601) using toluene as blank. Proline content was expressed on a fresh weight basis.
Electrolyte leakage (REL) from roots was determined using the relative conductivity method as modified by McKay (1998) . Root samples (100 mg) were thoroughly washed with cold tap water to remove soil and then added to 25 mL test tubes containing 15 mL of distilled water of a known conductivity. The tubes were well shaken in a vortex and left at room temperature in the dark for 24 h. The next day, the tubes were shaken again and the conductivity of the bathing solution was measured. Then, the samples were boiled at 110 °C for 20 min, let to cool at room temperature, and total conductivity of the bathing solution was again measured. REL was expressed as a percentage of the conductivity after boiling and after subtracting the conductivity of distilled water before boiling. Three replicates were used per genotype and treatment at each sampling time.
Statistical analysis
The experiments were established in a completely randomized pattern in a splitsplit-plot arrangement, with the genotype, the NaCl dose and the sampling time as independent factors. Each combined factor had three replicates in all parameters except for the CCI and QY that had 10 replicates. Statistical analysis was carried out with SIGMAPLOT12.0 statistical software. After ANOVA, Duncan's multiple comparisons were performed. Student's test was done using JMP (SAS, version 11 pro). Multiple average comparisons, graphs and data processing were performed in EXCEL and SIGMAPLOT12.0.
RESULTS
Deregulation of PAO gene affects plant phenotype under normal and salt stress conditions
Here, we assessed the effect of deregulation of apoplastic PAO on the phenotype of adult tobacco plants under control conditions or during salinity. In particular, we performed a comparative study of 70 day-old WT, S-ZmPAO and AS-ZmPAO plants at 0 (control), 7, 14 and 21 days post-treatment (DAT) with 0 (control), 50, 100, 200, and 300 mM NaCl. The AS-ZmPAO plants tended to show taller phenotype whereas the S-ZmPAO plants showed no significant change under control conditions (0 DAT and 0 mM NaCl) compared to WT plants (Fig. 1A) . However, this phenotype of AS-ZmPAO was not retained at later stages (14, 21 DAT). Plant height decreased with increasing salt in a dose-dependent manner in all genotypes, but still the AS-ZmPAO plants continued to show taller phenotype, especially at 300 mM salt, when the height reduction was 44.0 % in WT, 45.6 % in S-ZmPAO, and only 19.7 % in the AS-ZmPAO compared to the controls at 21 DAT (Fig. 1A) .
The S-ZmPAO plants showed increased number of leaves under salinity conditions (50 and 100 mM) (Fig. 1B) . However, at 200 and 300 mM the number of leaves was almost the same in all genotypes. At 300 mM/21 DAT the reduction of leaf number compared to the controls was 32.7 % in WT, whereas in S-ZmPAO and AS-ZmPAO it was only 1.1 % and 5.0 %, respectively. Salinity reduced leaf area in all genotypes, mostly in the ΑS-ZmPAO (51.4 % at 21 DAT/300 mM NaCl) (Fig. 1C) . Nearly at all treatments and time points the leaf area of AS-ZmPAO plants was smaller than that of WT/S-ZmPAO, and this effect was not dependent on stress. Our results suggest that apoplastic PAO is required to sustain leaf expansion during normal conditions, which results to an opposite effect in the plant height.
The fresh weight (FW) of the aerial parts of AS-ZmPAO at 0 mM NaCl was significantly lower than that of WT and S-ZmPAO ( Fig. 2A) . Salt treatments resulted to reduced FW with the same trend in all genotypes/salt doses and time points ( Fig. 2A) .
Again, AS-ZmPAO plants showed the lowest biomass while the S-ZmPAO plants were also significantly affected. When biomass was expressed as dry weight (DW), similar but less marked trends were found. Salinity resulted to reduced DW in all genotypes in a dose-responsive manner (Fig. 2B) . Apparently, the reduced cell expansion and leaf area in AS-ZmPAO is reflected in the reduced weight.
Changes in growth parameters do not correlate with photosynthetic efficiency
Next, we assessed the correlation between phenotypic and photosynthetic characteristics. Under control conditions (0 mM NaCl/0 DAT) all genotypes showed similar values of QY and CCI, whereas at 0 mM NaCl/7 DAT both transgenics exhibited significantly greater A net which nevertheless was nullified at 14 DAT (Fig. 3A ,B,C). In fact, under control conditions (0 mM NaCl/0 DAT), QY and CCI were rather equal in all genotypes as did QY under salinity. Under 50 and 100 mM NaCl at 14 DAT, CCI was greater in the WT than in the transgenics, but not under 200 and 300 mM NaCl/14 DAT (Fig. 3A,B) . Interestingly, the AS-ZmPAO genotype in all salt treatments at 7 DAT, showed a marked decrease in the A net , suggesting an osmotic/ionic shock, which was overcome 14 DAT (Fig. 3C) . Taken all together, the results do not reveal a clear picture on the effect that deregulation of PAO exerts on these photosynthetic parameters.
Deregulation of apoplastic PAO seems to affect foliar ion content
PAs play a major role in controlling ion homeostasis Pottosin, 2015) . In all genotypes Ca 2+ and Mg 2+ levels showed a positive correlation with leaf age, while K + levels decreased with age and Na + levels were not significantly affected (Fig. 4A ,B,C,D/0 mM/0-21 DAT). AS-ZmPAO plants showed increased levels of K + , Ca 2+ and Mg 2+ at 0 mM NaCl, at most time points examined (with the exception of Mg 2+ and Ca 2+ at 0 DAT/0 mM NaCl) compared to WT. In particular, the levels of K + were greater in the control AS-ZmPAO plants at most time-points (Fig. 4B) . Treatment with 50 to 300 mM NaCl resulted to significant increase of Na + , which accumulated in the leaf tissue in a time/dose-dependent manner in all genotypes. At the highest salt dose and some time points, the AS-ZmPAO leaves accumulated less Na + compared to WT (Fig.   4A ). Under salt, the content of foliar K + in the AS-ZmPAO did not show a consistent profile of change, compared to WT and S-ZmPAO (Fig. 4B ). The content of Mg 2+ decreased in AS-ZmPAO almost at WT-levels after salt stress, while Ca 2+ was significantly higher under the same conditions (Fig. 4C,D) . Taken together, our results suggest that apoplastic PAO affects steady-state ion contents in a rather complex manner, under both, control and salt stress conditions.
Apoplastic PAO regulates ROS homeostasis mainly through Ascorbate peroxidase
The mRNA levels of the H 2 O 2 -producing O 2 .-dismutases CuZnSOD, the FeSOD/MnSOD isoenzymes and their respective in-gel activity were determined. The SZmPAO genotype showed the highest levels of CuZnSOD mRNA (Fig. 5A ) and activities of FeSOD/MnSOD isoenzymes ( Fig. 5B-D Fig. 5E,F ). More specifically, we estimated mRNA levels of the most reactive to PAO-deregulation APX isoform in S-ZmPAO, the cytoplasmic one (APXc; Davletova et al., 2005; Moschou et al., 2008a) . At 0 h, a slight induction of the APXc mRNA levels was observed in AS-ZmPAO and S-ZmPAO ( Fig. 5E ; 0 h). The mRNA levels of APXc peaked in all three genotypes 6h post-NaCl treatment and declined thereafter ( Fig. 5E ; 6 and 24 h). The S-ZmPAO plants showed the highest mRNA levels of APXc, at 6 h post-NaCl treatment ( Fig. 5E ; 6 h) in accordance with the higher ROS levels in this genotype, while the AS-ZmPAO showed the lowest mRNA levels (Moschou et al., 2008b; Gémes et al., 2016) . Under control conditions CAT1 mRNA levels did not differ among the three genotypes, whereas a profound increase of CAT1 mRNA levels was observed 1 h post-treatment with NaCl in all three genotypes ( Fig. 5F ; 1 h), and increased further at 24 h post-treatment in WT and mostly in S-ZmPAO. These data confirm the tight association of PAO levels with antioxidant machinery.
Next, we assessed total phenolics, potent non-enzymatic antioxidants.
Deregulation of PAO did not alter the total phenolic content at 0 DAT. Interestingly, endogenous phenolics increased in a developmentally-dependent manner. It increased 3 to 5-fold with age mostly in S-ZmPAO (20% higher than WT at 7 DAT). Treatment with salt (100 mM) did not affect phenolic titers in the WT, whereas it caused a significant reduction in S-ZmPAO and to a lesser extent in the AS-ZmPAO (Fig.6A /100 mM NaCl/ 7 DAT). The effect of mannitol on total phenolics was very similar to that of NaCl (Fig.   6B ). The TLC qualitative profile was affected neither by the deregulation of PAO nor by the treatment with 100 mM NaCl/24h (Fig. 6C) . When the total antioxidant activity (Ascorbic Acid Equivalents, AAE) was assessed, the WT showed lower AAE compared to both transgenics, which exhibited comparable values (Fig. 6D) . Our results suggest that phenolics are not regulated by PAOs, while the increase in S-ZmPAO at control conditions may represent a rather compensatory mechanism in an attempt to restore ROS homeostasis.
Deregulation of PAO affects the mRNA levels regulating ethylene biosynthesis
PAs and ethylene share a common precursor, S-adenosyl-L-methionine. We postulated that the deregulation of PAs homeostasis could affect the ethylene biosynthetic machinery and the induction of ethylene could be related to PAO (Hou et al., 2013) .
Thus, it was of interest to assess whether or not deregulation of PAO would affect the ethylene biosynthetic genes under NaCl stress. Overall, the levels of mRNAs of the genes coding for ACC (1-aminocyclopropane-1-carboxylate) synthase (ACCSyn) and ACC oxidase (ACCOx) showed higher mRNA levels in the AS-ZmPAOi, in all time points examined compared to S-ZmPAO, while WT showed the lowest levels (Fig. 7) . More specifically, under control conditions, the mRNA levels were nearly 4-and 8-fold higher in the AS-ZmPAO genotype compared to the WT (Fig. 7) , whereas in the S-ZmPAO the respective increases were 2-and 3-fold for ACC oxidase/ACC synthase, respectively ( 
Proline accumulates in the roots only 7 DAT onward at high salt and does not correlate with REL
In an effort to examine whether accumulation of the osmolyte proline and root electrolyte leakage (REL) differ among the WT and PAO transgenics, we determined the content of proline and assessed the root membrane integrity by REL. No particular difference between genotypes was observed up to 100 mM NaCl (data not shown).
Interestingly, proline started accumulating at 7 DAT in a dose-dependent manner. At 14 DAT proline was rather unaffected under 200 mM NaCl whereas it reached a 4-fold increase in all genotypes at 300 mM NaCl. Twenty-one days post-treatment with 200 mM NaCl, all genotypes exhibited increased proline. WT and S-ZmPAO plants tended to accumulate higher proline compared to AS-ZmPAO, while WT accumulated higher proline compared to the transgenic genotypes at 300 mM NaCl (Fig. 8A ) At control conditions there was no significant difference in REL among the genotypes (Fig. 8B/0 DAT) and no correlation was found between proline content and the REL. For instance, the higher proline in the WT at 300 mM/21 DAT, was not accompanied by lower electrolyte leakage (Fig. 8B ).
Discussion
Low PA mutants exhibit increased sensitivity to salt stress linking PA homeostasis with salt tolerance. For example, the PA biosynthesis Arabidopsis loss-of-function adc2 mutant which contains about 25 % lower Put than WT plants, shows higher sensitivity to salt stress than the WT (Urano et al., 2005) . Likewise, the Arabidopsis loss-of-function mutant acl5spms that is unable to produce Spm is hypersensitive to salt stress (Yamaguchi et al., 2006) . Tobacco plants with reduced activity of SAMDC, a biosynthetic enzyme of Spd and Spm show increased biomass, height and leaf number, but are hypersensitive to salt stress. These plants are unable to control H 2 O 2 levels and concentrations of monovalent and divalent cations (Mellidou et al., 2016) .
Apoplastic PAO drives cell elongation during salt stress in maize (Rodríguez et al., 2009; Shoresh et al., 2011; Swanson and Gilroy, 2010) . In this study, we observe a decrease in leaf size of AS-ZmPAO tobacco plants under control and salt stress conditions. On the contrary, the S-ZmPAO plants show increased leaf area, at least transiently, although this effect is not sustained under salt stress (Fig. 1A,B,C) . This is consistent with the increased sensitivity of these plants that has been described before at earlier stages of plant development (Moschou et al., 2008a (Moschou et al., , 2008b . Young AS-ZmPAO seedlings, which contain higher PAs and lower ROS under short-term salinity stress, show increased biomass (Moschou et al., 2008b) . However, the adult plants under prolonged stress periods, show lower biomass, but significantly taller phenotype (Fig. 1A,   2A ; Moschou et al., 2008a Moschou et al., , 2008b .
Increased vigour has been associated with enhanced photosynthesis (Fujimoto et al., 2012) . Photosynthetic response to salinity involves the interplay of limitations at different cellular/tissue sites and different developmental phases. Depletion of SAMDC halves maximal photosynthesis under high salt (Mellidou et al., 2016) . The AS-ZmPAO and S-ZmPAO with higher/lower PA titers, respectively, show no significant difference in the values of QY and CCI compared to WT at 0 DAT/0 mM NaCl, whereas transiently at 7 DAT/0 mM, both transgenics show greater A net which nevertheless decreases at 14 DAT/0 mM NaCL (Fig. 3C) . Under salt stress the more striking difference is the recovery from the osmotic/ionic stress the AS-ZmPAO plants show, which results to greater A net at 50-200 mM NaCl/14 DAT. Overall, the results do not support in a consistent manner that the apoplastic PAO affects photosynthetic efficiency, at least during the examined stages of plant development.
In addition, the maintenance of cellular Na + /K + homeostasis is pivotal for plant survival in saline environments. The effects of PAs on ionic pumps are pleiotropic (Pottosin, 2015; Pottossin and Shabala, 2014) ; for instance they block the FV and SV types of vacuolar cation channels. Externally applied PAs inhibit in roots the voltageindependent non-selective cation current (VI-NSCC), which is almost equally permeable to K + and Na + , as well as to divalent cations (Ca 2+ ). Export and oxidation of PAs in the apoplast by PAO results in the induction of a novel ion conductance and confers Ca 2+ influx across the plasma membrane, whereas PAs and ion channels cross-talk through the PAO-generated ROS (Pottosin, 2015; Pottosin and Shabala, 2014 and references therein).
Deregulation of PAO gene results to higher/lower intracellular PA load in the ASZmPAO/S-ZmPAO, respectively, compared to WT. Under salinity the induced expression and the higher activity of PAO alters PA levels, with the AS-ZmPAO showing the higher Spd/Spm titers (Moschou et al., 2008a, b) . These plants tend to contain lower Na + albeit not significantly different, but greater K + , Ca 2+ , and Mg 2+ content than S-ZmPAO and WT in most salt doses and time-points (Fig. 4A,B,C,D) . Increased K + content in the shoots of plants under salinity has been often considered as a tolerance trait (Adem et al., 2014; Hariadi et al., 2011) . Polyploid natural accessions in Arabidopsis show higher K + content in leaves, characteristic that correlates with NaCl tolerance, and attribute to the importance of high cytolosolic K + to suppress activity of caspase-like proteolytic and endonucleolytic enzymes triggering PCD. High cytosolic K + is also required to maintain metabolic processes, such as protein synthesis by enabling tRNA binding to ribosomes (Chao et al., 2013 and references therein) . A strong negative correlation between the magnitude of salt-induced K + loss and salt tolerance, suggests K + retention as a selection criterion between salt tolerant and sensitive varieties (Chen et al., 2005 (Chen et al., , 2007a (Chen et al., , 2007b Lu et al., 2013; Smethurst et al., 2008) . Increase of Ca 2+ during abiotic and biotic stresses is required for tolerance in Arabidopsis (Johnson et al., 2014) .
PA homeostasis is associated with activities of antioxidant enzymes (Mellidou et al., 2016) . The mRNA levels of CuZnSOD are significantly higher in S-ZmPAO under salt conditions (Fig. 5A) . CAT1 mRNA level increases in S-ZmPAO, but does not decrease significantly in AS-ZmPAO (Fig. 5F ). On the contrary, the cytoplasmic APXc mRNA levels show a positive correlation with the ROS levels post-treatment with NaCl, and seems to be leading antioxidant enzyme in the AS-ZmPAO plants (Fig. 5E ) (Gémes et al., 2016; Moschou et al., 2008a Moschou et al., , 2008b . The results suggest that PAO generates H 2 O 2 that signals the expression of key enzymes in ROS scavenging/homeostasis, during the initial stages of salinity. Considering that SOD is a H 2 O 2 producing enzyme, the increased SOD levels in AS-ZmPAO may reflect a homeostatic adjustment towards sustainment of H 2 O 2 levels, while the increase of SOD in S-ZmPAO could reflect the increased O 2 .-content ( Fig. 5A-D ; Gémes et al., 2016; Moschou et al., 2008a Moschou et al., , 2008b . Furthermore, total phenolics seem to be developmentally regulated with S-ZmPAO containing significantly higher total phenolics content (Fig. 6) , consistent with the higher ROS load (Gémes et al., 2016; Moschou et al., 2008a Moschou et al., , 2008b . However, there is no further accumulation of phenolics post-salt treatment consistent with the recent results that salt tolerance of the halophyte Limonium delicatulum is more associated with antioxidant enzyme activities than phenolic compounds (Souid et al., 2016) .
Another interesting issue is the potential antagonistic relation between PAs and ethylene, with contrasting physiological effects/role(s) and the mutual regulatory link as they share a common precursor, S-adenosyl-L-methionine. PAs are considered as juvenility-related hormone-like substances Roubelakis-Angelakis, 2005a, 2005b, inter alia) , whereas ethylene is a well-established senescence-inducing hormone.
Inhibition of ACC synthase decreases PAO-mediated H 2 O 2 production during osmotic stress (Li et al., 2004) , and PAO is strongly induced by ethylene (Gil-Amado and GomezJimenez, 2012) . PAO deregulation alters significantly the expression of the genes encoding ACC-synthase and ACC-oxidase. The AS-ZmPAO plants with the highest endogenous PA content (Moschou et al., 2008b) exhibit the highest mRNA levels of both genes under control and salinity conditions (Fig. 7) . These results do not confirm that Spm regulates ethylene biosynthesis by inhibiting ACC-synthase (Li et al., 1992) , an important regulatory mechanism under osmotic stress (Huang et al., 2012) . All tested genotypes accumulate proline under salinity and AS-ZmPAO seem to accumulate less proline (14 and 21 DAT, 200 mM NaCl) than the S-ZmPAO and WT (Fig. 8) . When the biosynthetic pathway of PAs is altered, changes in cellular contents of PAs and proline often seem to occur in a coordinated manner rather than the two moving in opposite directions, even though their biosynthesis shares a common precursor, for example glutamate (Primikirios and Roubelakis-Angelakis, 1999; Mohapatra et al., 2010) . Our results reinforce that PAO-generated ROS signal downstream expression of proline biosynthetic genes (Skopelitis et al., 2006) . However, it is not clear whether or not increased proline biosynthesis is synthesized directly from glutamate by Δ 1 -pyrroline-5-carboxylate synthetase (P5CS) or from ornithine by Ornithine aminotransferase. Overall, our data suggest that the level of expression of PAO exerts multifaceted effects under long-term salinity by affecting plant vigor via the modulation, to varying extent, of ion homeostasis, antioxidant machinery, phenolics, proline content and ethylene biosynthesis. 
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